We report on the development of flexible organic solar cells (OSCs) incorporating graphene sheets synthesized by chemical vapor deposition (CVD) as transparent conducting electrodes on polyethylene terephthalate (PET) substrates. A key barrier that must be overcome for the successful fabrication of OSCs with graphene electrodes is the poor-film properties of water-based poly(3,4-ethylenedioxythiphene):poly(styrenesulfonate) (PEDOT:PSS) when coated onto hydrophobic graphene surfaces. To form a uniform PEDOT:PSS film on a graphene surface, we added perfluorinated ionomers (PFI) to pristine PEDOT:PSS to create 'GraHEL', which we then successfully spin coated onto the graphene surface. We systematically investigated the effect of number of layers in layer-by-layer stacked graphene anode of an OSC on the performance parameters including the open-circuit voltage (V oc ), short-circuit current (J sc ), and fill factor (FF). As the number of graphene layers increased, the FF tended to increase owing to lower sheet resistance, while J sc tended to decrease owing to the lower light absorption. In light of this trade-off between sheet resistance and transmittance, we determined that three-layer graphene (3LG) represents the best configuration for obtaining the optimal power conversion efficiency (PCE) in OSC anodes, even at suboptimal sheet resistances. We finally developed efficient, flexible OSCs with a PCE of 4.33%, which is the highest efficiency attained so far by an OSC with CVD-grown graphene electrodes to the best of our knowledge.
Introduction
Recently developed organic solar cells (OSCs) with single or tandem structures [1] [2] [3] have attained power conversion efficiencies (PCEs) in excess of 10% and have attracted increasing attention for potential use in many kinds of electronic devices-in particular, mobile applications-owing not only to their high PCE but also to their light weight, flexibility, and large area, low-cost producibility. Based on its conductive properties and high transparency in the visible range, indium tin oxide (ITO) has conventionally been used as transparent conducting electrodes for OSCs; however, ITO has critical drawbacks in terms of increasing cost and brittleness, making it unsuitable as a material for electrodes in flexible OSCs [4, 5] . There have, correspondingly, been many efforts to replace ITO in conventional electrodes with materials such as graphene, carbon nanotubes, silver nanowires, and conducting polymers [6] [7] [8] [9] . Among these, graphene-a two-dimensional, single-atom-thick carbon sheet-has been proposed as a material for flexible, transparent OSC conducting electrodes in light of its excellent electrical, optical, and mechanical properties [10] [11] [12] . After Novoselov et al demonstrated fabrication of graphene flakes using scotch tape, various fabrication methods have been developed [10, [13] [14] [15] [16] . Most graphene sheets developed for OSC electrodes have either used reduced graphene oxide (rGO) or have been produced by chemical vapor deposition (CVD) methods, as these techniques are simpler in terms of synthesis and patterning and can maintain high uniformity over large areas [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . However, when used as an OSC electrode material, rGO tends to suffer from structural defects that result in higher sheet resistance (R sh ) than-and therefore inferior performance to-CVD-grown graphene. Wu et al developed rGO films with R sh = 100-500 k /sq and transmittances of 85-95% for use as OSC electrodes and reported a PCE of 0.4% using a copper phthalocyanine (CuPC)/C 60 bilayer as a photo-active layer [17] . Yin et al obtained a PCE of 0.78% and a transmittance of 65% from rGO electrodes with R sh = 3.2 k /sq using blended films of poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM) as a photo-active layer [18] . Several OSCs with CVD graphene electrodes have shown performance comparable to those with ITO electrodes, which can be mainly attributed to even lower R sh values of CVD-grown graphene electrodes than those of rGO-based electrodes [20, 23, 25, 26] . Despite their high PCE, however, the development of OSCs with CVD graphene electrodes has faced considerable challenges in attempts at coating a layer of water-based poly(3,4-ethylenedioxythiphene):poly-(styrenesulfonate) (PEDOT:PSS), a material conventionally used as a hole extraction layer (HEL) in OSCs, as the hydrophobic nature of graphene makes it difficult to coat hydrophilic PEDOT:PSS onto its surface. To overcome this problem, significant efforts have been made in terms of interface engineering between graphene and the HEL. In 2009, Loh et al modified a graphene surface with the self-assembled molecule pyrene butanoic acid succidymidyl ester (PBASE), allowing PEDOT:PSS to be coated onto the modified graphene film [19] . Then, in 2011, they used a thin (2 nm) MoO 3 layer to modify a graphene film in order to increase the wettability of PEDOT:PSS on the film [20] . Park et al introduced a method for coating PEDOT onto a graphene surface using vapor-phase polymerization instead of spin coating [25] and have recently further developed a method to modify a graphene surface with a double HEL [26] . All of these methods, however, require the use of an additional layer or set of processes to modify the graphene surface, which is far from a simple processing approach.
In this study, we synthesized monolayer graphene using a CVD method and stacked it layer-by-layer (LBL) for use as OSC electrodes. Prior to fabrication, we attempted to solve the problem of the poor wetting of hydrophilic PEDOT:PSS onto graphene surfaces. By blending pristine PEDOT:PSS with the less hydrophilic tetrafluoroethylene-perfluoro-3,6-dioxa-4-methyl-7-octenesulphonic acid copolymer (one of the perfluorinated ionomers (PFI)) to produce 'GraHEL', we enhanced the film coating quality of the hydrophobic graphene surface; figures 1(a) and (b) show the molecular structure of PEDOT:PSS and PFI, respectively. We then fabricated flexible OSCs with graphene anodes on poly(ethyleneterephthalate) (PET) substrates. Although considerable previous research has been conducted on OSCs with graphene electrodes, only two papers reported the effect of the thickness of graphene layers on the performance of OSCs [17, 18] .
However, the authors of those papers did not use CVD-grown graphene as electrodes of OSCs but solution-processed rGO. Moreover, the overall photovoltaic parameters such as FFs and PCEs were so low that the tendency of device performance with a function of graphene thickness could not be clearly explained. Therefore, we systematically investigated how the change in the number of CVD-grown graphene layers affects open-circuit voltage (V oc ), short-circuit current (J sc ), fill factor (FF), and PCE separately. A schematic device configuration of the entire flexible device is shown in figures 1(c) and (d). In attempting to optimize the OSC performance, we found that there is a trade-off between R sh and transmittance of the graphene film; as the number of graphene layers increases, the graphene sheet becomes more conductive, which increases FF but also obstructs light absorption, which in turn lowers J sc . Based on this trade-off, an optimal number of graphene layers for an OSC should be found. We also demonstrated an efficient and flexible OSC with GraHEL using an efficient donor and acceptor system consisting of poly[N-9 -hepta-decanyl-2,7-carbazole-alt-5,5-(4 , 7 -di-2-thienyl-2 ,1 ,3 -benzothiadiazole)] (PCDTBT) and [6, 6] -phenyl-C71-butyric acid methyl ester (PC 70 BM), respectively.
Experimental details
Graphene sheets were prepared using a well-known CVD method in which a Cu foil was inserted into a CVD furnace and heated up to 1000 • C with a H 2 gas inflow at 2 sccm. After annealing for an hour, CH 4 was added to the furnace at 1000 • C for an additional 30 min and then removed before the sample was rapidly cooled down to room temperature in the H 2 gas to complete the process. To create a transparent conducting electrode from the CVD-grown graphene, the Cu foil was etched by an etchant (CE-100, Transene), and the graphene was then transferred onto a polyethylene terephthalate (PET) substrate using a poly(methyl methacrylate) (PMMA) supporting layer. To achieve multilayer graphene films, the process above was repeated. A 100-nm-thick Al probe was thermally evaporated under high vacuum (5 × 10 −7 Torr) onto the transferred graphene films in order to create electrical contacts for easier measurement and reduce the potential drop between the electrode probe and the defined photo-active region caused by the low sheet resistance of graphene. To avoid damaging the outermost graphene electrode layer from reactive ion etching, the O 2 plasma process previously used in patterning electrodes was removed because we used common graphene electrodes [7] . The graphene films on the PET substrates were p-doped with nitric acid (HNO 3 ) vapor for 90 s in order to lower their sheet resistance. After doping, the films were placed in high vacuum (5 × 10 −7 Torr) for 3 h in order to remove physically adsorbed dopant molecules. Next, the doped graphene anode was UV-ozone treated for 10 min, and a GraHEL solution composed of PEDOT:PSS (Clevios PH H. C. Starck) and a PFI solution (tetrafluoroethyleneperfluoro-3,6-dioxa-4-methyl-7-octenesulphonic acid copolymer, CAS number 31175-20-9, Sigma-Aldrich) (PEDOT:PSS:PFI = 1:2.5:1.46 (by weight), water:alcohol ∼1:1 (by weight)), was spin coated onto the graphene surface at 1500 rpm for 90 s after filtration with a 0.45 µm polyvinylidene difluoride (PVDF) syringe filter. After spin coating, the GraHEL film was annealed on a hot plate in air at 150 • C for 30 min. Two different bulk heterojunction (BHJ) systems were used to develop an OSC photo-active layer. In one, 20 mg of poly(3-hexylthiophene) (P3HT) (Rieke Metals, P200) and 20 mg of 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61 (PCBM) (Nano-C) were dissolved together at a 1:1 weight ratio in 1 ml of 1,2-dichlorobenzene (DCB). After filtration with a 0.2 µm PTFE syringe filter, the completely dissolved solution was spin coated at 900 rpm for 5 s in a N 2 atmosphere, followed by solvent annealing in a glass Petri dish and thermal annealing at 150 • C for 30 min. The other photo-active layer was a BHJ film of poly[N-9 -hepta-decanyl-2,7-carbazole-alt-5,5-(4 ,7 -di-2-thienyl-2 ,1 ,3 -benzothiadiazole)] (PCDTBT) (1-material) and [6, 6] -phenyl-C71-butyric acid methyl ester (PC 70 BM) (EM-index). These were mixed at a weight ratio of 1:4, dissolved in DCB (35 mg ml −1 ), and spin coated at 1600 rpm for 30 s onto the GraHEL in a N 2 atmosphere following filtration by a 0.45 µm PTFE syringe filter. After spin coating, the film was thermally annealed at 80 • C for 10 min. Finally, LiF/Al was deposited in 1 nm/100 nm layers onto the P3HT:PCBM system, and Ca/Al was deposited in 3 nm/100 nm layers onto the PCDTBT:PC 70 BM system by means of thermal evaporation under high vacuum (5 × 10 −7 Torr). The completed devices were measured under a simulated air mass (AM) 1.5 with 100 mW cm −2 illumination.
Results and discussion
We compared the wettability of three different conducting polymer solutions (a pristine PEDOT:PSS solution, a mixture of PEDOT:PSS pristine solution and isopropyl alcohol (IPA) (1:1 w/w) (PHIPA), and a GraHEL solution) on graphene using contact angle measurements (figure 2). In the case of the pristine PEDOT:PSS dropped on a graphene surface, we observed large contact angle 75.4 • , as the hydrophobic nature of graphene hinders this substance from wetting its surface; this suggests that pristine PEDOT:PSS cannot form a uniform film through spin coating onto a hydrophobic graphene surface. In contrast, both the PHIPA and GraHEL solutions, which contain IPA, were able to completely wet the graphene surface with contact angle values of 4.4 • and 3.0 • respectively. Because IPA is less polar than water, mixing it with the pristine water-dispersed PEDOT:PSS solution improved the wettability of these modified solutions on the non-polar graphene surface. In spite of the high wettability of the IPA-modified PEDOT:PSS (PHIPA) solutions, the problem of non-uniform spreading still arose when spin coating PHIPA onto the graphene surface ( figure 2(d) ). The GraHEL solution, however, fully covered the hydrophobic graphene surface ( figure 2(f) ). Thus, we were able to successfully fabricate OSCs by uniformly coating GraHEL onto the graphene electrodes. Figure 3(a) shows the values of R sh of graphene films on a PET substrate measured with a four-point probe as a function of the number of layers; these values are also summarized in table 1. As previously discussed, R sh tends to decrease as the number of LBL stacked graphene layers increases [7, 14, 15] , and we observed this behavior in our experimental results in which R sh continuously decreased without any additional chemical treatment from 512.5 to 150.6 /sq for monolayer graphene (1LG) to seven-layer graphene (7LG), respectively. After HNO 3 doping, R sh for 7LG dramatically decreased to 36.6 /sq, a value that is a little higher than or close to that of ITO at the same transmittance (for ITO, R sh ∼ 10 /sq and transmittance ∼85% at 550 nm) [27] . It is well known that the transmittance of graphene decreases linearly by 2.3% for every layer that is stacked. To confirm this, we measured the transmittances of 1, 3, 5, and 7LG with UV-vis absorption spectroscopy and plotted the results in figure 3(b) . The inset of the figure 3(b) shows the gradation of transmittance as the number of graphene layers increases from left (1LG) to right (7LG). These measured values agree closely with the literature [11] . The transmittance at a wavelength of 550 nm for each graphene layering is summarized in table 2.
To investigate the influence of the number of graphene layers on the performance parameters V oc , J sc , FF, series resistance (R series ), shunt resistance (R shunt ), and PCE of an OSC, we fabricated several OSCs with graphene anodes using a P3HT:PCBM blend as the photo-active layer. Figure 4 shows the current density-voltage (J-V) characteristics of OSCs with varying numbers of graphene electrode layers, with the various photovoltaic parameters (in sequence: V oc , FF, R series , R shunt , J sc , and PCE) plotted separately and the values of these parameters are summarized in table 3. As can be seen in figure 4(b) , with the exception of the 1LG electrode device, all devices have nearly the same V oc in the range between 0.54 and 0.55 V; this confirms that there is no change in the built-in potential of the device when increasing the number of graphene layers. The numerous defects that destroyed the atomic network of the 1LG graphene sheet likely resulted in the variance of its surface potential from that of graphene sheets with more layers [28, 29] ; i.e., stacking additional graphene sheets above 1LG helps to relieve the effect of defects and thus consistently maintain V oc . On the other hand, variations in FF and J sc -and thus in PCE-were observed as a function of the number of graphene layers. In photovoltaic cells, FF is essentially determined by both R series and R shunt of a device, and we extracted these two resistances separately from the inverses of the slope of the J-V curves at the points V oc and J sc . In this case, the dominant factor affecting these two resistances is the R sh of the graphene electrodes. The 1LG electrode device exhibited the lowest values for both FF and J sc (figures 4(c) and (f)), which can be attributed to two facts: that this device had the highest electrode R sh (258.6 /sq), and thus the highest R series (91.7 cm), of all of the devices; and also that insufficient charge transfer occurred from the organic layers to the electrode owing to obstructions caused by numerous defects in the monolayer graphene on the PET substrate [28] . Thus, the significant leakage current likely caused by these defects was responsible for the 1LG having the lowest R shunt (194.9 cm). As is the case for V oc , however, the poor J sc , R series , and R shunt of the device can be alleviated by stacking more graphene layers in order to form more However, as the number of graphene layers increased above three, J sc started to decrease, while FF saturated with saturated R series and R shunt , as can be seen in figures 4(c) and (f). The saturation of FF in devices with a 3LG electrode means that the 3LG has an R sh low enough for use as an electrode of an OSC device. It was clearly observed that J sc decreased after saturation of FF, a result that can be attributed to the decrease in transmittance of the graphene sheets, as shown in figure 4 (f); in other words, J sc became the dominant factor for determining PCE after saturation of the FF. Consequently, the highest PCE of 2.83% for the P3HT:PCBM devices was achieved with a 3LG device ( figure 4(g) ), leading us to conclude that 3LG is the optimal layering for OSC electrodes. To enhance PCE of flexible OSCs with graphene anodes, we additionally fabricated OSCs using a more efficient BHJ system of PCDTBT:PC 70 BM with optimized conditions as described in section 2. We were able to achieve efficient OSC device and the J-V characteristic of this is shown in figure 5 . The device attained V oc of 0.896 V, J sc of 8.83 mA cm −2 , FF of 54.7%, and a PCE of 4.33%, which, to the best of our knowledge, represents the highest efficiency attained by an OSC with CVD-grown graphene electrodes.
Conclusion
In this study, we attempted to overcome the poorfilm coating problem of water-based conducting polymer solutions (PEDOT:PSS) on graphene films produced by CVD method without using additional layers or processes. Having successfully achieved this using a GraHEL solution containing a less hydrophilic perfluorocarbon-based ionomer, we systematically studied the effects of changing the number of graphene layers on the performance parameters of an OSC. Comparing devices with 1LG up to 7LG electrodes, we demonstrated that FF tends to increase up to three layers and then becomes saturated, while J sc tends to decrease after three layers as a function of the number of additional layers. Based on trade-off between R sh and transmittance of graphene films, we determined that 3LG electrodes optimized the OSC performance in terms of PCE; this result implies that a 3LG electrode has a sufficiently low R sh after doping while maintaining a relatively high transmittance. Under optimal conditions, we fabricated a highly efficient OSC device with graphene anode that was able to attain a PCE of 4.33%.
